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Abstract:

Natural iron mineral surfaces have been examined in air by atomic force

(AFM) and scanning tunneling (STM) microcopies. A number of different

surface features were found to be characteristic of the native surface. Even

surfaces freshly exposed by crushing larger crystals were found to have a

pebbly surface textwe caused by the presence of thin coatings of what might be

surface precipitates. This finding is interpreted as evidence for previous

exposure to water, probably through an extensive network of microfractures.

Surface reactions on the goethite c~stals were studied by AFM at size

resolutions ranging from microns to atomic resolution before, during, and after

reaction with distilled water and 0.1N HCL immediate and extensive surface

reconfiguration occurred on contact with water. In one case, after equilibration

with water for 3 days, surface reprecipitation, etching and pitting were obsewed.

Atomic resolution images taken under water were found to be disordered. The

result of surface reaction was generally to increase the surface area

substantially through the extension of surface platelet arrays, present prior to

reaction.
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Introduction:

Iron oxide natural minera!s areim~fiant inground-water/mineral so~tion,

dissolution, and reaction processes. In addition to their presence in bulk form,

they are frequently present on the surface of other minerais both on the outer

surface and in cracks and fissures in the rock. Surface reactivity of these

materials is influenced by a number of factors: composition, crystallographic

face, the presence of sutface precipitates, and the number of reactive sites. In

turn, the number of reactive sites is a measure of the surface morphology, e.g.

screw dislocations, planar steps and kink sites (sudace roughness), and density

of chemical defects, e.g. substitutions or vacancies. Very little work has been

done on the characterization of iron oxide mineral surfaces in their native state.

Without a knowledge of the actual surface stwcture as well as the chemical

make-up of the mineral surfaces under investigation, bulk sorption

measurements can not shed light on the actual mechanism of mineral-water

interface processes and, therefore, can rtot explain the differences that exist

between resutts obtained from bulk sorption measurements on natural versus

synthetic mineral samples. Compositional deviation from that of the host

mmeral can be localized at the surface and concentrated laterally in small

regixvs, Atomic compositional variations due to doping at Fe sites, which is

very common, is not necessarily uniform across a surface. Some of these

inhomogeneities mutt from weathering processes of unknown history; the

minerals have already been exposed to gases and/or liquids of unknown

composition. Discrepancy between bulk sorption measurements on natural and

synthetic mineral samples could then be argued on the basis o{ the presence or

absence of surface alteration or surface coatings resulting from weathering

conditions. Unlike experiments carried out on synthetic minerals, an exact
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knowledge of the immediate surface composition k not known for natural

minerals.

Although a number of techniques are available to characterize mineral

surfaces, few if any can meet both the stringent depth and lateral resolution

constraints necessary to identify local chemical and structural variatior?s,

making these techniques of limited value for near surface characterization. The

scanning tunneling (STM) and atomic force (AFM) microscopes, although

unable to provide surface analytical information, are increasingly being used to

provide local nano- and atomic resolution mineral surface structural information

not previously available by other methods [Hartman et. al., 1990; Hochella,

1990; I-tochella et. al. 1989,1990; Eggleston and Hochella, 1990a, 1990b,

1991, 1992, 1993: Marine, et. al., 1990, 1991; Johnsson et. al., 1991; I-iillner,

1992b; Drake, 1991; Gratz, 1991; and Rachlin et. al., 1992]. This capability is

particularly important for the study of natural mineral surfaces. The added

advantage of being able to image these surfaces under solution has allowed a

number of rewarcher to successfully exploit these techniques for in situ studies

of mineral-water reactions and sorption processes [Eggleston aod Hochella,

1991 ,1993; Marine, et. al, 1991; Hansma, et. al., 1991a, 1991b; Weisenhom, et.

al., 1990; Weisenhom, et. al., 1991; and Prater, et. al., 1991]. Studies carrisd

out on calcite [Hiilner, et. al., 1992a, 1992b] and hematite [Eggleston, et. al.,

1993] have shed new light on dissolution and growth mechanisms and ion

adsorption at the atomic level, respectively.

The present study focused on a family of iron oxide minerals which includes

hematite, goethite, magnetite, and maghemite. Goethite is often found as a

weathering product of magnetite and often associated with hematite [Roberts,

et. al., 1990]. Hematite, which is a semiconductor, always possesses oxygen

vacancies and donor defects [Shuey, 1975], and is dimorphous with

maghemite. At saturation of oxygen vacancies magnetite is formed. The iron in

goethite, hematite, and maghemite is in the Fe+3 oxidation state, while in

magnetite the iron is mixed Fe+2 and Fe- [Roberts, et. al., 1990].

Problems related to understanding the reactivity of natural mineral surfaces

can’t be completely resolved by studying the same reactions using their

synthetic counterparts. Disparities in reactive response, even from one sample
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to another, are expected due to differences in surface sorbates, surface

roughnesses, and compositional variations. As a consequence, the approach

taken here in this study was three fold: first, to examine a number of natural

mineral crystals to identify characteristic native goethite surfaces and second, to

cleave c~stals to obtain surfaces suitable for atomic imaging, and third, to

study, in situ, mineral-water interface reactions on selected characterized

surfaces. The nature of surface roughening due to reaction with the water was

deemed important for identification of the reactive sites expected to participate

in sorption processes. Differences in reactive response of various surfaces are

expected to give clues to the presence of surface precipitates and defects and

to differences in reactivity of crystal sites.

Experimental:

Characterization:

All imaging was carried out ~n a Nanoscope Ill STM and AFM [Digital

Instruments, Inc., Santa Barbara, CA]. Pr/lr, both cut and etched, tips were used

for STM imaging. All AFM data was obtained using commercial Si3N4 oxide-

sharpened tips attached to 100 ~m !ong triangular cantilevers. For STM

imaging, electrical contacts were made with Ag conductive paint.

Natural blades u-goethite (a-FeO(OH)), Brazilian a-hematite (a-Fe203), and

Yucca Mountain magnetite, Fe304, were examined in these experiments.

Since g(?ethite is insulating, the sudace micro- and nano-structure of about
fifteen natural environmentally weathered a-goethite crystals and crystal

fragments were extensively characterized using the AFM. The platy

orthorhomblc a-goethite crystals used in this study were shiny blackish brown

but appeared orangish brown when crushed. The published a-goethite lattice

constants are: a = 4.596, b = 9.957, and c = 3.021 [Roberts et. al.]. Goethite is

expected to cleave unevenly, along {01O} perfectly and {100} distinctly.

Samples 1-9 were examined as received, while 10 through 15 were fragments

obtained by crushing a larger crystal by fracturing it between glass slides in an

attempt to obtain freshly cleaved surfaces suitable for atomic imaging. This



procedure was followed because the crystalswere small and brittle, tending to

crumble rather than break cleanly along ~~stallographic planes.

About nine hematite crystal fragments were also examined. The trigonal

Brazilian a-hematite crystals were metallic to semiconductive and lustrous black

in color. The expected lattice parameters are: a = 5.0317 and b = 13.737 The

hematite samples were chipped from a large tabular crystal, arranged in a

rosette referred to as an “iron rose” [Robetis. ~t. al., 1990], using a hammer and .

chisel. No perfect cleavage is expected for hematite but parting is predicted

along twinning directions {000 1} and { 10Ti}. Frequently inclusions of mica and

possibly qunrtz were observed on the freshly cleaved surfaces. The

semiconductive behavior of this sample was indicative of substantial doping,

possibly with Ti or Mg [Shuey, 1975].

The surface of five magnetite crystals were imaged. The magnetite samples

were mechanically extracted from Yucca Mountain tuff and were quite small,

usually <50 to 100 ~m in breadth and dull gray to black. Because of the small

sample sizes, a 5 mil nicrome wire was use to position the crystals onto the

double sided adhesive tape or Ag colloid paint used to hold the sample in

position while imaging. Magnetite is cubic with a lattice constant a = 8.374.

Reactions:

Two of the original nine gogthite crystals examined were used in rgaction

experiments. After characterization of their surfaces, the first experiment was

carried out in two stages cm crystal #8, the first reaction under high resistance

u!tra pure water (PH = 5.5 to 7.5 at 25 C) and the second one under 0.1 N HCI.

In both cases, fluid was intr~lj~d into the AFM wet cell via a syringe pump at a

slow continuous uncalibrated rate, thus continuously exposing the mineral

surface to fresh pun solution. Crystal #9, which exhibited a numtw of

irderesting surface features, primarily on nearly atomically smooth surfaces, was

only reacted with pure water.



Results:

Characterization:

The topographical images of the crystal surfaces us@ in this experiment

revealed a number of different but characteristic features, appearing repeatedly

from one sample to another. The complexity of the problem of interpreting the

images to unravel ?he surface structure and composition was immediately

apparent. Many of the surfaces were covered with faceted crystallite, ranging

in size from f 00’s of nm to a couple of pm%. Other surfaces appeared tobe

covered by an amorphous layer of unknown material. The apparent coating

often consisted of shapeless mounds. Striations suggestive of planar edges

were frequently observed on the goethite crystal surfaces, fig. 1a. This finding is

not surprising considering the impedect cleavage of many of these Iron oxide

crysta!s. These surfaces would present a large number of reactive sites For

that reason me would be expected them to be either already cltered from the

bulk or vigorously responsive to a reactive environment.

Atomically smooth surfaces with step edges a few angstrom’s high were often

observed; the surfaces usually displayed a pebbly texture, sometimes

possessing low level ordering, but rarely clear crystallographic sttucture, fig. 1b.

Step heights obtained from line scans across images often matched

dimensions in the unit ceil. In one case a screw dislocation was obsewed.

The surface of crystal #9 was largely atomically smooth, with sufficient c~stal

features, i. e, cleavage angles and atomic steps, to support assignment to the

906tiiite(01O) face, the preferred cleavage plane, fig. 2a and b. Additionally,

atomic resolution images were obtained on this surface, fig. 3a. Scattered

regions covered by ordered arrays of - 5 A high platelets a few ~m’s long were

found. The arrays consisted of rows of plate!ets, about 200 to 300 AZ which

terminated atone end into uniform triangles, fig. 4a. The wtent of any one array

rarely exceeded a few prn’s. Although no compositional data could be obtained

by AFM, the heights of these platelets were approximately one half the (01O)

unit cell b parame~”r. The crystal structure of goethite possesses patallel

channels every 5A, where fracturing of the unit cell is expected to take place,

see figure 5 (Parfitt, et. al. 1976).



The surfaces of the hematite crystals aiso exhibited a wide variety of

microstructure, many of which could have been dug to surface precipitates. In

general, the micro- to nano-surface structures displayed a high degree of

ordering, even though atomic imaging was rarely achieved, fig. 6a and b. High

quality atomic STM images were obtained on a few crystal fragments, and were

found to be bias dep@ndent. Two images, taken sequentially at the same

tunneling current but in different tunneling directions, are shown “n fig. 7a & b. .

Both show a periodic array of atomic features tith the same interatomic

spacing. Under careful examination one can see that the rows of bumps and

holes reverse on bias reversal from one Image to the other; these results are

consistent with the notion that one can selectively sample either the fiiled,

negative sample bias, or empty electronic states, positive sample bias, by

changing the tunneling direction. The invariance of the atomic spacing ( A)
suggests that a simple interpretation that oxvgen atoms are imaged during

negative sample bias while Fe atoms are imaged when the sample bias is

positive is probably a simplified picture of the electronic states being sampled.

Another atomic resolution image from the hematite crystal sudace contains

bands of alternating lighter and darker contrast, fig. 8. One might first assume

that the tunneling tip has picked up contamination, lowering the tunneling

current, and then discarded it while scanning across the sudace. On closer

examination, however, one can clearly identify kink sites i}l rows of atoms where

the switch-over in contrast takes place. An alternate interpretation is that the

surface atoms with lower contrast are the sites of attached ions, e. g., hydroxyl

groups, or water molecules.

Because the magnetite samples were optically rough and dull gray, atomic

resolution images were not expected. However, images of locally atomically

smooth planar regions were found, but these were covered with nano-size

particulate. When the AFM tip was positioned only a few 10 of ~m’s away from

the smooth area, the sudace was found to be quite different, covered either by

an amorphous billowy looking material or by a field of pyramidal faceted peaks.



Reactions:

Two distinct water reactions occurred with the two different goethite crystals.

@ptically, the pfa-waters wface of the first crystal, #8, contained a number of

large pits which did not appear in the AFM images, suggesting that the surface

was coated with a transparent precipdate. This amorphous coating, fig. 9a,

reacted immediately on contact with wate:, releasing a gaseous substance.

The gas had to be expelled from the wet ceil and the split diode detector

realigned before proceeding with imaging. The pits and fissu~es, missing from

the pre-reaction AFM images, suddenly appeared after water exposure, fig. 9b.

Because the water was slightlv acidic, CQ is a likely candidate for the reactant

gas, suggesting calcite as a possible coating. After a 24 hour water exposure,

the surface structure became web-like and soft. Many of the images taken

under water were smeared and appeared blurry.

Exposure of the crystal #8 sudace, this time to a 0.1 N HCI solution, resultad in

turther development of the web-like features. Although the appearance of holes

and crevices on the sudace added to the root-mean-square (RMS) roughness,

initially the RMS value decreased; the decrease was primarily due to a

reduction in the size of the amorphous hillccks. Later, however, as a function of

reaction time and acid exposure, the overall surface area increased as the web-

Iike network of small holes or pits evolved (fig. 9c). No atomic resolution images

were obtained from these newly “cleaned” surfaces.

Reaction of cfystal #9 with water exhibned both dissolution and reprecipitation.

The water-mineral interface reaction was faster than the few seconds set-up

time for filling the AFM wet cell with water, then realigning the optical detection

time. To the AFM the reaction appeared immediate. On reaction with

continuously replenished fresh water, the arrays of platelets on the (01O) crystal

face grew significantly in Iatera! extent, fig 10a, b, and c. Significant sharpening

of the platelet matrix was noted as the reaction progressed (fig. 11). The line

formed by the termination of the rows of platelets transformed into a scalloped

edge with 90° angles separating segments, fig 4b. After exposure to stagnant

water for three days, both pitting, fig. 12a and b, and reprecipitation along

crystal directions, fig. 13a and b were observed. Note that as the reaction



progressed, the surface participated as much as step Qdges, where the reaction

rate was expected to be significantly faster.

Atomic resolution images were obtained under water within a flat rectangular

area at the petimeter of an array, fig. 3b; a corner of this region isvisible In the

lower right corner of fig. 11. Although the sttudure is disordered, the amplitude

of the atomic features is 10 tirnm that in the pre-reaction image. These features
were reproducible, scalin~ corrwtly with the scan range. Since the reaction

was stl;l proceeding, the lack of clean crystallographic is not surprising. The

amplitude of post reaction atfimic features ~’etumedapproximately to pre-

maction values. A second area, smooth enough for atomic imaging, but which

could not be rasolved to the atomic scale, possessed a high de~ree of ordering

of so A features, fig. 14.

One localized area, which prior to reaction was covered with crystallite, fig.

15a, was re-imaged after reaction, fig. 15b. The dissolution of the crystallite

appeared to have -n slow; they had not completely disappeared after the 3-

day period stiing under water. The size of the crystallite was significantly

reduced, with a concomitant decrease in surface roughness.

Conclusions:

All of the native crystals whose surfacm were imaged in this study displayed a

wide variety of structural features; many of these different structures appeared

on several differant crystals. We believe that some of? Iese structures belong to

surface precipitates while others are due to weathering of the surface. Most of

the smooth surfaces imaged possessed a pebbly texture that could not bo

atomically resolvec’ to obtain crystallographic information. Step edges tended

to be rounded with cleavage plane intersections curved rather than sharp

angular breaks. This finding is consistent with the conclusion that the surfaces

have previously been exposed to weathering conditions, and that the crystals

tend to cleave along already existing cracks where there has been ground

water contact. Indeed most surfaces, even those created by fracturing crystals,

appeared to be coated or eroded. This finding could have serious implications

for interpretation of bulk so~tion measurements, beca:ise it indicates that the

bulk composition and chemistry of the mineral does not necessary control



surface adsorption properties. If essentially all of the reactive surface araa has

already undergone prior reaction with ground water, the surface chemist?y

could be modified by whatever substance is precipitated or adsorbed onto the

sudace. The histo~ of the sampie then would be more important than its bulk

chemistry in determining fuWe adsorption behavior. We have obsewed this

precise effect in the natural crystals.

Water and acid-mineral interface reactions wore carried out on an unidentified .

crystal face; initially, a gaseous material was liberated. Further reaction

resulted in creation of a web-like surface, possible evidence for the (001)

surface which has channels perpendicular to the surface.

We have successfully obtained atomic resolution images of the (01O) crystal

face of crystal #9 m-goethite. The poor qualii of the images taken in air is

attributable:0 adsorbates on the surface. Images of the atomic structure taken

under water were highly disorder due to th9 reaction processes. Cleavage

angles, stap heights, and the ordered array of mwface platelets support this

identification. In the latter case, the increase in the size of thew plateiat arrays,

along with their 5 A height, suggests that the platelets consist of goethite which

is undergoing dissolution during reaction with water. Extensive pitting and

peeling of the crystal took place a approximately the same rate as reaction at

the edges of platelet arrays. This suggests that this is a highly reactive surface.

On sitting in stagnant water, material was reprecipitated onto the surface along

crystallographic directions. Although surface microcrystallites present on crystal

#8 react~~dquickly while t“~oseon crystal #9 dissolved very slowly, we conclude

that neithsr coating is goetbite.
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Figure captions:

Figure 1: Two AFM images taken from the same goethite crystals showing typical
native mineral surfaces, (a) The Iett-hand surface, RMS = 26 A, consists
of parallel striations about 50 nm wide and 2-5 nm high. (b) Surface
steps, 10-30 A high, are visible in the second image. The pebbly
surface texture has -20 nm granularity, with a RMS roughness
measured at 10 A. The lateral scale in both images is ~m’s.

Figure 2: Images were taken from an atomically smooth region on goethite crystal
#9. Image (a) is a 5 ~mz scan area with 1520 cleavage angle visible.
The large surface step is about 150A high. The parallel horizontal strips
are not attifacts but one unit call high steps on the (01O) crystal face. -10
A. Note that the array, bc%om right and that, upper left, align with the
large sutface step. (b) A close up of !ne surface steps and part of a
platelet array whose rows of extew over the step edges. The scan is 1.7
pmz. The angle formed by the upper termination of the rows is
approximately 1500.

Figure 3: 8 nmz AFM atomic resolution images from goethite crystal #9 native
surfaca taken before reaction with water, (a), and under water, (b), as the
reaction was proceeding. Contaminates on (a) Nnited the images quality
and crystallographic information. Image (b) was distorted by the reaction
process but was reproducible.

Figure 4: The$e AFM images, also taken on the surface of crystal #9, show an
array of sudam platelets, 20-30 nm across and -4-5 A high, as they
appeared before reaction (a) and after reaction (b). Note that the
triangular arrangement of piateiets at the termination end of the array in
(a) become scaiioped, (b). in the iatter case, the edge segments are
rotated from each other by 900. Both images are about 730 nm2,

Figure 5: a-Goethite atomic structure, shown in two projections (mcdified from
Parfitt, et. ai. 1975). Note the open channei paraiiei to the [100] direction
iocated at (5A) which is one-half b (1OA), the [01O] direction. The
goethite crystai is expected to cleave a!ong this channei, every 5 A..

Figure 6: 868 nmz STM tomographs taken of two typical natural surfaces found on
the Braziii~n a- hematite sampies. The STM cannot determine if these
surface structures are due to precipitates, reaction products, or hematite.
The background granularity, as weii as the eiongated array of fingers
growing out from the sutface, in image (a) are highly ordered with a RMS
rou hness -90 A. The highl ordered textured surface in (b) consists of

1 i80 nano-grains (RMS = 9 ).

Figure 7: Sequential atomic resolution images taken with the STM on a freshiy
cieaved hematite surface. image (a) was taken with a sampie bias = +
1i1 eV whiie image (b) was taken with the sampie bias reverse, -1.1 eV .



The set point current in both cases was 0.3 nA. Note that the atomic
spacing does not change but that the “holes” in (a) become “bumps” (b).

Figure 8: STM atomic resolution image taken on the same sample as in fig. 6.
Features with lower vertical contrast, although possibly due to tip
contamination, follow atomic rows and kink sites rather that straight lines
along the tip scan

Figure 9:

Figure 10:

Three 6.7 ym2 AFM images taken on the sutlace if goethite crystal #8.
Image (a), RMS = 114 ~, upper left, was taken in air piior to reaction of
the surface with water or 0.1 N HCI. Image (b), upper right, RMS = 457 A,
was taken under water. Note the holes and crack which were optically
visible but did not appear in the AFM images until the surface was
reacted with the water. The surface of the goethite in image (c), lower
left, taken under a solution of 0.1 N HCI, has developed a web-like
structure possibly due to removal of inclusion or the presence of
channels in the goethite c~stal structure.

Three 2 ~ma AFM images taken on goethite crystal #9 surface, (a), upper
left, before water reaction RMS = 5.5 A), (b), upper right, during under

Lflowing water (RMS = 8.7 ), and (c), lower left, dried after 3 days
reaction in stagnant water (RMS = 7.1 A). Although all three sudaces are
relatively smooth, they differ significantly in structure. The ordered array
of platelets is seen to grow significantly in extent as the reaction
progressed. Since fresh water was continuously introduced to the
sample surface during the initial reaction stage, dissolution rather than
reprecipitation is probably responsible.

Figure 11: This AFM micrograph of the dry goethite surface at higher resolution, 500
nmz, shows sharpening of the platelet array matrix edges after the
reaction,

Figure ;2: Extensive scaling (a), RMS = 14A, and pitting (b), RMS = 17A, of the
sudace are clearly shown in ttws~ 3 ~m2 AFM micrographs. The on unit
cell high triangular scaling in the lower right-hand corner of image (a)
only appeared as the reaction progressed. The large pit m the upper left
of image (b), one ceh nigh, has an array transversing it. Note the
extensive pitting on this surface, reminiscent of image fig. 9 c.

Figure 13: TWO2 ~ma AFM images taken on a second area of goethite crystal #9
surface, before (a), RMS = 35 A, and after (b), RMS = 67A, water reaction.
This surface had been exposed to stagnant water for three days during
which reprecipitation along crystallographic direction has occurred with
an increase in surface roughness.



Figure 14: Smooth post-reaction highly ordered surface with 40-50 A features,
RMS = 1.6A. Despite the surface ordering attempts at atomic imaging
were unsuccessful.

Figure 15: 1.8 yma AFM images (a), RN% = 117A, and (b), RMS = 76 A, were taken
on a third area of crystal #9 prior to reaction with water and after the
reaction was completed, respectively. The surface was covered with
microcrystallites which appeared to slowly dissolve at a slower rate the
clean surface reacted.
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